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ABSTRACT
The current study investigated the relationship between the vibrato wave 
and the target pitch while eliminating some of the methodological 
problems that have plagued such research in the past. Three 
commercially-recorded selections were chosen for each of seven artists 
(for a total of 21 selections), and modern computer equipment was used 
to extract pitch information for each of six to fourteen notes from each 
selection. The chosen selections were all accompanied so that the 
target pitch could be determined from the accompaniment, and target 
pitch location within the vibrato wave was quantified absolutely and 
relatively. In general, the target pitch lay at or slightly below 
(average 4.29 cents below) the vibrato wave mean, and an analysis of 
variance revealed no significant differences between artists. Analyses 
of variance within each artist showed no differences between selections 
except for the soprano, who had one selection where the target pitch was 
generally above the vibrato wave mean.
Ill
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CHAPTER 1
INTRODUCTION
In the 1930s Carl Seashore and his colleagues at the University 
of Iowa investigated a number of factors that affect our perception of 
music, including the nature and prevalence of vibrato. Vibrato is "a 
tonal oscillation above and below a mean pitch" (Reid, 1983, p.394). 
Seashore's work set the standard for psychological research in music in 
the years following his work. Some of his findings, however, are still 
controversial.
One of Seashore's still controversial findings is the proposition 
that "the true (target) pitch tends to be a median line through the 
(vibrato) waves" (Seashore, 1936, p.22). This contention has been 
addressed by a number of researchers with varying results. Vennard 
(1967), and Sundeberg (1987) agreed with Seashore that the target tone 
bisected the vibrato wave, and their results will be reviewed beginning 
in the following paragraph. Other studies indicated that the target 
pitch was at or near the bottom of the vibrato wave (Papich and Rainbow, 
1974; Fletcher, Blackham and Geersten, 1965). Still another study found 
a general tendency for the target pitch to be located at the bottom of 
the vibrato wave, but concluded that target pitch location varied within 
the vibrato wave (Shipp, Doherty and Hakes, 1989). These studies will 
be reviewed below.
The first of the investigators to conclude that the target pitch 
was near the center of the vibrato wave was Seashore (1930). He used a 
phonophotographic technique for recording pitch information. Using this 
technique, pitch was recorded on photographic film every 1/lOOth of a
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2second. Pitch was measured in units of one-fifth of a semi-tone, or 20 
cents. Seashore recorded data either from performances of vocalists or 
violinists in his studio or from commercial phonograph recordings of 
professional musicians' performances, and found that pitch information 
was not affected by the use of either data collection method. Seashore 
also found that the form of a vibrato wave approximates a sine wave.
Most importantly for this study, however. Seashore reported that 
"the mean pitch of the tones tends to coincide with the pitch indicated 
in the printed score" (1930, p.43). This statement also reveals a major 
shortcoming of Seashore's work. He assumed that a note printed on the 
score represented the artist's target pitch. In reality, however, each 
artist may aim for a somewhat different frequency given the same printed 
note either because his instrument is tuned to a different frequency, as 
a means of altering tone color, or for some other reason. Another 
limitation of Seashore's work was the equipment that was available at 
the time of his study: the resolution of pitch was only one-fifth of a
semi-tone.
Vennard (1967) also reported that musicians hear a pitch equal to 
the mean pitch of the vibrato wave. Vennard, however, did not conduct 
any studies of this perceptual process himself, instead providing an 
overview of what he felt were standard beliefs at the time.
Sundberg (1987) used a pitch-matching technique and found, 
similar to Seashore, that the fundamental frequency bisects the vibrato
wave. Sundberg had musically sophisticated subjects adjust a
vibrato-free ("straight") tone to match the pitch of a tone that was 
played with vibrato. He found that subjects adjusted the straight tone 
to match the mean of the vibrato wave. This study, however, measured 
the pitch that listeners hear and so does not necessarily imply that an
artist's target pitch lies at the mean of the vibrato wave.
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3Other studies, however, concluded that the target pitch was not 
at the center of the vibrato wave. For exaitçle, Fletcher, Blackham, and 
Geertsen (1965) found that the target pitch was located at the bottom of 
the vibrato wave. They studied the tones of violin, viola, cello, and 
bass-viol. Several music students were asked to play each of four or 
five notes within their instrument's range four times. These notes were 
recorded on tape, reproduced, and analyzed for frequency and intensity 
data. While the primary intent of their study was not to determine the 
location of the target pitch within the vibrato wave, their data 
indicated that the vibrato wave of their subjects' notes oscillated 
upwards from the target pitch. The subjects in Fletcher's study, 
however, were not given reference notes against which they could measure 
their own tones, but were instead required to rely upon their memory of 
concert pitch. In fact, Fletcher did not specifically mention whether 
the artists even tuned their instruments to concert pitch or to any 
equal tenperament scale. Thus Fletcher and his colleagues could not 
accurately say what the fundamental frequency was that the subjects 
considered to be their target pitch.
Papich and Rainbow (1974) also found that the vibrato wave 
oscillates upward from the desired pitch. They studied the vibrato of 
stringed instruments, collecting data from laboratory performances of 
four artists for each instrument they studied, including violin and 
cello. At the experimenters' request, each artist played a short solo 
three times and then played as part of an ensemble three times. Artists 
were asked to tune their instruments to A440, but they subsequently had 
no fixed reference notes during their play. Papich and Rainbow noted 
that the concert pitch of the note printed on the score was often at or 
near the bottom of the vibrato wave, and that if a note trailed off, it 
tended to fall towards the bottom of the wave. One shortcoming of this
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4study was that the artists played without accompaniment, and were thus 
left with no points of reference other than their memory of the first 
part of their performance and the occasional open string. Furthermore, 
the artists may have employed artistic license to locate the pitch of 
the note (or, for that matter, the pitch of an entire phrase) away from 
concert pitch, or they may have lost the pitch. Indeed, the 
investigators themselves indicated that artists sometimes played sharp 
on their solo performances.
Shipp, Doherty, and Hakes (1989) eitployed six professional 
singers to perform in their laboratory. Their performances were 
recorded and stored on a computer for analysis. The target pitch was 
determined by having the artists sing a straight tone for two seconds 
and then begin a transition into vibrato. The researchers found a 
tendency toward locating the mean of the vibrato wave below the target 
pitch, but concluded that "there is some latitude in the location of 
vibrato Fj (fundamental frequency) in relation to the target pitch" 
(Shipp, Doherty, & Hakes, 1989, p.35). The performers in their study, 
however, were aware of the fact that they were being recorded for the 
express purpose of studying vibrato, and this knowledge may have had an 
effect on their performances.
Thus researchers disagree about the relationship between the 
vibrato wave and the target pitch. The current study attempted to 
investigate the issue while eliminating some of the methodological 
problems that have plagued such research in the past. Specifically, 
this study sought to answer four questions regarding the location of the 
target pitch within a vibrato wave. First, where was the target pitch 
located within the vibrato waves of the selections being studied?
Second, was the target pitch location the same for each artist? Third, 
did the location of the target pitch remain stable across the three 
performances for a given artist? Finally, did the location of a note at
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5either end of an instrument's range affect the location of the target 
pitch within the vibrato wave?
To answer these questions, vocalists, violinists, and cellists 
with world-wide reputations for beautiful tone were used as subjects, 
rather than the music students or unidentified professional musicians of 
previous studies. Three commercially recorded selections were chosen 
for each artist from different periods in their careers in order to 
increase the validity of any conclusions regarding the artists. Modern 
computer equipment was used to extract pitch information from each 
selection, thus allowing a resolution an order of magnitude better than 
Seashore's technique. Pitch information was extracted from performances 
that were accompanied, so that the target pitch could be determined from 
the accompaniment, rather than from some absolute (and distant) standard 
as in previous research. This was made possible by technological 
improvements in computers that allowed us to filter out all frequency 
information except for an artist's harmonic. Previous researchers had 
been required to record artists without accompaniment because they 
laclced the equipment required to filter out the accompaniment. Vibrato 
waves of harmonics are identical to those of the fundamental note and 
easier to filter because they are further removed from the 
accompaniment. Therefore, our ability to analyze harmonic waves was a 
substantial improvement over previous researchers.
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CHAPTER 2
METHOD
Subject*
Five professors from the music department of the University of 
Nevada, Las Vegas were asked to identify professional musicians of 
world-wide reputation who produced the most beauty of tone in their 
performances. These music professors were unaware of the fact that our 
study would address the vibrato of these artists because this knowledge 
may have biased their choices. The most frequently identified soprano, 
tenor, and bass were chosen for investigation, as were the two most 
identified violinists and the two most often identified cellists. Three 
performances by each of these seven artists were selected for inclusion 
in this study: one from early in their career, one from the middle of 
their career, and one from late in their career. The result was that 
7 X 3 = 21 performances were analyzed; a list of the performances in 
chronological order within artist is presented in Table 1.
Materials
An IBM compatible 486DX-33 computer with a Creative Labs 
Multimedia Kit was used for sound analysis. This kit included a Sound 
Blaster Pro 8-bit analog-to-digital converter card capable of sampling 
rates up to 44.1 KHz and a CD ROM drive that feeds audio samples 
directly to the sound card. Software to analyze the digitized sound was 
written in BASIC by Russell T. Hurlburt. The software that was used to 
drive the compact disk player and Sound Blaster Pro converter was EZ 
Sound FX by Future Trends Software, Inc.
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Artist
Table 1
Selections Chosen for analysis
Sel.# Selection Title Composer CD #
Joan
Sutherland
(soprano)
Lucianno
Pavarotti
(tenor)
Samuel
Ramey
(bass)
(excluded
from final
analysis)
Isaac
Stern
(violin)
1 Faust:
O Diu! Que de Bijoux! 
(Jewel song)
2 La Fille du Regiment: 
Pour ce Contrat Fatal
3 Home Sweet Home
1 Stabat Mater:
Cuius Animam
2 O' Sole Mio
3 O Jesu mi Dulcissime
1 I Due Foscari: 
Introduzione:
"Alla Gioia"
2 I Masnadieri:
Mio Carlo...ei Songa
3 Kismet:
The Olive Tree
1 vier StUcke FUr Geige 
und Klavier op. 7 :
III. Sehr Langsam
2 Sonata No.2,
Op.12,No.2 (A Major) 
Andante più Tosto 
Allegretto
3 Sonata for Piano and 
Violin, Op. posth.137, 
No.l, Andante
Gounod
Donizetti
Bishop
Rossini
Teschemacher
Guida
Verdi
Verdi
Wright,
Forrest
Webern
Beethoven
Schubert
’Selections are in chronological order for each artist
London 
417 780-2
London
417-780-2
DRG 13103
London
425-681-2
London
425-681-2
London
421-526-2
Philips
422 426-2
London
433-854-2
SK 46438
SM3K 45845
M2K 39680
S2K 44504
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Table 1, continued
Artist Sel.i Selection Title Composer CD #
Itzhak
Perlman
(violin)
Pablo
Casals
(cello)
Yo-Yo
Ma
(cello)
Bethena Joplin CDC 4717 0
From My Homeland Smetana CDC
2: Andantino 7 47399 2
Valse Bluette Heifetz CDC 49604
Cello Sonata No.3 in Beethoven GEMM
A Major Op.69 Adagio CDS9461
Cantabile; Allegro 
Vivace
Cello Sonata No.2 in Beethoven GEMM
G Minor, Op.5, no.2 CDS9461
Adagio Sostenuto ed 
Espressivo
Sonata No.5 for Cello Beethoven GEMM
and Piano in D Major, CDS9461
Op.102, No.2
Songs My Mother Taught Dvorak MK44796
Me
Romantique Bolling MK39059
Finale: Allegro Vivo, Britten MK44980
Sonata for Cello &
Piano in C Major, Op.65
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Procedure
A tone was considered suitable for analysis if the artist held a 
single note for approximately one second or more. As many such notes as 
possible were identified from each selection; the ten longest notes were 
digitized and analyzed. In addition to the ten longest notes, the two 
highest and the two lowest one-second-or-longer notes in each selection 
were included in the analysis. Thus each selection produced between 10 
and 14 notes for analysis because the highest or lowest notes were 
sometimes included in the ten longest notes.
All notes were subjected to the analysis described below.
However, because of corruption of the artist's pitch information by the
accompaniment, pitch information for some notes could not be reliably 
extracted. These notes were eliminated from the analysis, resulting in 
fewer than ten notes being analyzed for some selections. Bass soloist 
Samuel Ramey's low pitch, in addition to competing accompaniment, 
prevented reliable extraction of pitch information from most of his 
notes; see discussion below. Thus, Ramey was entirely eliminated from 
subsequent analysis. Therefore, the remainder of the report was based
on six artists. The notes for which pitch could be successfully
extracted are shown in Table 2.
The analysis of a single sound sample was performed according to 
the following procedure. First, the sound pressure of a single sound 
sample, consisting of one or more seconds of an instrument or voice 
holding a note, was digitized at 10,000 Hz and stored on the computer's 
hard drive. The fundamental frequency of the note being played was 
identified to an accuracy of one semi-tone by ear by the experimenter. 
The digitized pressure information was then digitally band-pass filtered 
so that all frequencies more than about two semitones from the 
experimenter-identified fundamental frequency (or in some cases, a
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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T a b le  2
Notes Sampled for Each Artist
Artist Sel.# start' dur* start dur start dur start dur
Joan
Sutherland
1 48.1 1.1 54.0 1.3 107.6* 1.1 113.8 1.3
128.3" 2.0 208.2 1.0 242.6 1.0 247.4* 1.7
251.3" 2.5 254.8 3.2
2 50.3 1.1 62.8 2.0 76.6 1.0 123.7* 1.1
126.5 1.3 130.5 1.9 133.4" 2.1 185.7 2.3
198.4* 1.1 274.7" 4.8
3 36.4 2.1 57.0 2.0 76.6* 2.4 103.5" 4.3
109.8 2.0 121.3 2.7 132.6" 2.3 148.7* 7.1
Luciano
Pavarotti
Isaac
Stern
1 178.5* 2.9 247.8“ 2.0 274.4 2.2 285.4* 2.2
296.2" 3.6 308.8 2.4 311.8 1.8
2 65.1* 2.3 74.2 3.5 87.6 2.3 146.1* 2.5
150.8" 2.3 160.3 2.1 169.4 3.3 186.9" 4.0
3
192.7
17.5
83.7
3.8
1.9 
1.5
35.5*
111.4"
1.7
2.2
46.8
115.4
2.5
2.5
81.2
125.6
1.3
1.8
136.1 1.7 145.5" 2.0 157.3 3.5 163.2* 1.7
1 7.2" 4.8 16.3 2.7 19.2 2.0 22.6* 1.6
24.4 2.6 29.5* 1.1 46.0 1.1 2.7" 2.5
2
5.9
19.7
174.1"
1.1
1.8
1.7
90.4
206.7
2.0
2.1
125.0
281.2*
2.3
2.6
166.9"
288.9*
1.7
2.3
3
293.6
56.6
139.2
257.3*
2.0
1.3
1.5
3.5
105.9
182.3"
1.2
1.5
111.0
184.8"
1.6
3.0
134.5
252.9*
1.7
1.2
'Start time for each note in seconds from beginning of selection 
"duration of each note in seconds
"two highest pitched long-duration notes in selection
*two lowest pitched long-duration notes in selection
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Sel.# start dur start dur start dur start dur
1 22.0* 1.3 28.8 1.6 35.6 1.3 64.1 1.5
70.8" 1.4 90.0 1.3 123.8 1.4 348.2" 1.5
355.3* 1.4 362.6 1.5
2 22.3" 1.1 25.9" 1.8 38.6* 1.4 40.2 1.3
42.0 1.3 51.3 1.0 73.0 1.2 91.2 2.9
201.2 1.2 212.6 1.4 226.4* 1.2 236.6 1.6
3 42.3" 1.2 50.1 1.0 109.8* 1.0 19.7 1.0
25.8* 1.2 27.0 1.0 30.1 1.0 35.9 1.1
37.2" 1.0 49.0 1.0
1 22.6 1.9 27.6 4.7 35.8 2. 3 38.0" 3.3
45.9* 2.6 62.4* 1.7 73.4 2.0 84.8 2.2
96.1" 3.1
2 13.3* 2.3 17.8* 2.6 29.8 2. 6 39.1 3.0
52.7" 3.7 60.7 2.5 84 . 0 2.5 130.7 4.5
211.7 3.9 244.1" 2.1
3 36.6 1.5 80.0" 1.6 84.8 2. 0 108.3* 1.7
147.6 1.5 244.4* 1.9 381.7" 3.3
1 26.2 1.6 33.1 1.4 41.3 1.5 84.5 1.7
89.3 1.6 93.2 1.6 98.5 1.8 117.3" 1.4
121.4" 3.2 131.6 1.3 133.9 1.9 136.1 2.0
144.7* 1.6 147.6* 3.2
2 68.3" 4.4 95.3* 2.7 122.3 2.2 210.8" 1.8
245.3* 1.6 253.7 2.8 274.3 3. 1 281.2 3.0
294.9 2.8 495.1 9.9
3 96.9* 1.9 207.6* 2.1 251.1 1.7 361.2 1.4
375.3" 1.4 433.5" 2.0
Itzhak
Perlman
Pablo
Casals
Yo-Yo
Ma
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harmonie of the fundamencal frequency) were eliminated, and the 
remaining sound was amplified. The choice between filtering the 
fundamental frequency or some harmonic was based on a visual inspection 
of the graphical output of the vibrato wave as obtained in the following 
paragraph: the filtering that was best able to separate the performer's 
output from the accompaniment, leaving a vibrato wave that was most 
approximately sinusoidal, was used in subsequent analysis.
Pitch information was extracted from this filtered note by a 
computer program that searched the filtered pressure wave for 
positive-going zero crossings (i.e. times where the sign of the pressure 
wave changed from negative to positive). The computer obtained the 
exact location of the zero crossing by fitting a line through the last 
two local negative points and the first two local positive points and 
determining at what time value that line crossed zero. The time 
interval between successive zero crossings was a one-cycle measurement 
of the fundamental period, and the fundamental frequency for that cycle 
was obtained by ta)cing the inverse of the fundamental period. These 
cycle-by-cycle fundamental frequency data were smoothed by averaging all 
cycle-by-cycle frequencies within 0.01 second intervals. This smoothed 
frequency information was then low-pass filtered with an upper limit of 
about 20 Hz, again to isolate the performer from the accompaniment and 
to exclude non-vibrato transients, and was then plotted by the computer 
to give pitch as a function of time.
The location of the target pitch within the vibrato wave was 
quantified in two ways: the number of cents that the target pitch lay
above (or below) the wave mean, and the percentage of the vibrato wave 
amplitude that the target pitch lay above (or below) the vibrato wave 
mean. These two quantifications were used because there is no 
universally agreed-upon method of quantifying pitch location within the
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vibrato wave, and both the absolute and the relative measure were 
reasonable.
The smoothed and low-pass filtered frequency information was 
analyzed to obtain the vibrato amplitude as follows : the computer
identified a "note" as a time interval where the pitch changed by no 
more than ±0.5 semitones {except for Joan Sutherland, for whom the 
limits had to be set at ±0.7 semitones due to the large amplitude of her 
vibrato wave). The computer then searched the note for local maxima and 
minima and determined their frequency in Hz. The median of the maxima 
frequency was then determined, as was the median of the minima 
frequency. The vibrato wave amplitude was the difference between the 
median of the maxima and the median of the minima measured in cents (one 
cent is 1/lOOth of a semi-tone).
The target pitch was determined separately for each selection by 
pinpointing the pitch of a sample of notes played by the accompaniment 
instrument. Most often this was a piano, but orchestra was used for 
those artists who did not have many recorded performances with piano 
accompaniment. Five piano notes or eight orchestra notes were 
considered sufficient for the purpose of establishing a reference point 
for the accompaniment, which was assumed to be equally tempered pitches. 
Orchestral notes from the beginning, middle, and end of the selection 
were chosen to ensure that the pitch of the entire orchestra did not 
change during the performance. A selection would have been excluded if 
the pitch of the accompaniment varied significantly during the 
performance; none did so.
In analyzing the samples from these seven artists, it became 
apparent that there was more difficulty in analyzing sangles from 
artists who performed in the lower range of the musical scale because, 
in terms of Hz, notes are closer together at the lower end of the scale, 
so filtering out the competing accompaniment became difficult. For the
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cellists, the 2nd, 3rd, or 4th harmonic partials were strong enough that 
they could be filtered and analyzed. However, Samuel Ramey, the bass 
identified by our selection process, did not produce harmonics 
sufficiently strong for analysis. After many attempts at finding a way 
of filtering Ramey's data sufficient for analysis, it was finally 
determined that no intelligible data could be had from Ramey's 
performances, and he was excluded from the analysis.
Similar problems were encountered during the analysis of 
individual notes for the other performers. Sometimes sound from the 
accompaniment could not be sufficiently excluded by the filter and so 
corrupted the performer's pitch data. In order to obtain an 
approximately sinusoidal vibrato wave form the note was run through 
multiple filters until the corrupting accompaniment data was removed 
from the sound sample. For example, a note played at D4 could be run 
through the filters designed for C4, D4, and E4 in order to eliminate 
corrupting accompaniment too near for the D4 filter alone to eliminate. 
The C4 filter would eliminate accompaniment that was above the artist's 
note of D4, but which was not far enough above the artist's note to be 
eliminated by the D4 filter. If this method failed to produce data 
resembling a sinusoidal vibrato wave, the note was excluded from the 
analysis.
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CHAPTER 3
RESULTS
A summary of the analysis data is located in Table 3. Each of 
the three selections analyzed for each artist is presented with 
accompanying descriptive data. The number of samples per selection (n) 
is given as well as the average vibrato wave amplitude for each 
selection. The location of the target pitch within the vibrato wave as 
quantified by the number of cents that the target pitch lay above (or 
below) the vibrato wave mean is labeled "Mean to TP." "Percentage" 
gives the location of the target pitch within the vibrato wave as 
quantified by the percentage of the vibrato wave anç>litude that the 
target pitch lay above (or below) the vibrato wave mean. Values of 
"Percentage" thus range from -50% at the median of the vibrato wave 
minima, to 50.0% at the median of the vibrato wave maxima, with 0.0% 
indicating the mean of the vibrato wave. For both target pitch location 
variables, a positive (+) number indicates that the target pitch was 
above the vibrato wave mean pitch, while a negative (-) number indicates 
that the target pitch was below the vibrato wave mean pitch. The mean 
and standard deviation of both these variables is presented for each 
selection, for each artist, and for the entire study.
Thus, for example, we analyzed ten notes from Sutherland's 
selection #1. The mean vibrato amplitude from the median minimum to the 
median maximum for ten notes was 149.77 cents, or about 1.5 semi-tones. 
The target pitch was, on average 14.14 cents below (because the sign is 
negative) the mean of the vibrato wave for this selection. When 
averaged across all three of her selections, Sutherland's target pitch
15
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
16
was 4.72 cents below the mean of the vibrato wave. Another way of 
quantifying the same information is to say that the target pitch for 
Sutherland's first selection, on average, was 6.71% of the amplitude of 
the vibrato wave below the mean of the vibrato wave. Also, the target 
pitch for Sutherland, averaged across all three of her selections was 
1.48; of the amplitude of the vibrato wave below the mean of the vibrato 
wave.
Table 3 provides the answer to the first question that was asked 
at the beginning of this study: Where did the target pitch lay within
the vibrato waves of the selections studied? For all our selections and 
all our subjects, the target pitch was very close to the mean of the 
vibrato wave; the overall average showed that the target pitch was 4.29 
cents below the mean of the vibrato wave. For five of our six subjects, 
the target pitch was, on average, very close to (but slightly below) the 
vibrato wave mean. That is, all of our subjects except cellist Ma 
located the mean of their vibrato wave slightly sharp by comparison to 
the target pitch.
Next, we wished to determine whether the six artists located the 
target pitch at different positions within the vibrato wave. Recall 
that the location of the target pitch was quantified in two ways: "Mean
to TP" gave the number of cents that the target pitch lay above (or 
below) the mean, and "Percentage" gave the percentage of the vibrato 
wave amplitude that the target pitch lay above (or below) the vibrato 
wave mean. One way Analyses of Variance were performed between our six 
subjects to determine if there were differences between artists on 
either of these two variables. Table 4 and Table 5 summarize that ANOVA 
data.
Table 4 shows the results of the ANOVA that attempted to ascertain 
whether there were significant differences between artists on the 
mean-to-target-pitch-in-cents variable (labeled "Mean to TP" on Table
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T a b le  3
Position of the Target Pitch: Descriptive Statistics
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Artist Sel.# Aitçi° Mean to TP' 
Mean S. D.
Percentage' 
Mean S. D.
Joan 1 10 149.77 -14.14 27.09 -6.71 19.83
Sutherland 2 10 184.00 -14.39 35.31 -8.13 19.20
3 8 154.90 19.16 22.62 13.38 14.46
all 28 162.89 -4.72 28.75 -1.48 18.07
Luciano
Pavarotti
1
2
3
all
7
9
12
28
110.30
136.07
132.01
126.13
-6.53
-10.38
-18.84
-13.04
18.80
17.16
17.26
17.61
-2.80
-7.10
-13.92
-8.95
18.78
12.53
12.60
14.12
Isaac 1 9 19.46 -11.08 13.21 -51.83 45.61
Stern 2 9 43.26 -0.52 8.46 -2.85 26.86
3 9 39.71 — 8.68 10.87 -33.75 48.05
all 27 34.14 -6.17 10.85 -30.07 40.17
Itzhak 1 10 60.78 -9.38 9.62 -17.32 19.37
Perlman 2 12 73.11 4.42 30.85 11.00 52.17
3 10 67.82 -8.99 10.33 -13.03 14.97
all 32 67.24 - 4.08 17.80 -5.36 30.30
Pablo 1 9 26.94 0.80 7.58 2.84 26.73
Casals 2 10 31.45 2.75 6.58 14.85 34.87
3 7 13.93 5.41 7.06 21.67 26.97
all 26 24.11 2.72 7.06 12.84 29. 93
Yo-Yo 1 14 48.87 -2.20 10.07 -4.15 24.53
Ma 2 10 45.21 -0.00 19.05 -7.59 43.53
3 6 56.42 3.36 21. 96 14.71 31.57
all 30 50.17 -0.36 15.44 -1.52 32.27
All artists 171 77.45 -4.29 16.42 -5.77 27.50
'The number of samples analyzed in each selection.
“’Average amplitude of the vibrato wave for each piece in cents.
'The distance from mean to the target pitch in cents. Positive 
values indicate that the target pitch is above the mean.
“The distance from the mean to the target pitch given as a percentage of 
the amplitude of the vibrato wave. Positive values indicate that the 
target pitch is above the mean.
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3). The result (F(5, 165) = 2.19, £ > .05) indicated that there were no 
significant differences between artists on the distance that their 
target pitch lay away from the vibrato mean as quantified by this 
variable. Thus the six artists did not locate their target pitch at 
different locations within the vibrato wave when the target pitch was 
quantified as the number of cents that the target pitch lay above (or 
below) the vibrato wave mean.
Table 4
Analysis of Variance Summary Table: 
Mean to TP between Artists
Source SS df MS
Between Groups 
Within Groups 
Total
4,099.37 
61,882.37 
65,981.74
5
165
170
819.87
375.04
2.19'
'£ > .05
The same question was asked again using the percentage-of-
vibrato-amplitude target pitch location variable (identified as
"Percentage" in Table 3). Table 5 shows that there was a difference
between artists on this variable. Thus the six artists do not locate
the target pitch at the same place within the vibrato wave when the
target pitch location is quantified as a percentage of the vibrato wave
amplitude above (or below) the vibrato wave mean.
Table 5
Analysis of Variance Summary Table:
"Percentage" between Artists
Source SS df MS
Between Groups 
Within Groups 
Total
26,295.40
163,494.66
189,790.06
5
165
170
5,259.08
990.88
5.31*
*£ < .05
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Next, the question of whether each artist located the target 
pitch within the vibrato wave differently from one selection to the next 
was addressed. Table 6 summarizes a series of twelve analyses of 
variance that were performed to determine if significant differences 
existed within each artist in regards to the two target pitch location 
variables; the twelve ANOVA summary tables are shown in Appendix I. F 
ratios are given for each artist as the result of ANOVAs on the "Mean to 
TP" and "Percentage" variables. For exançle, the distance from vibrato 
mean to target pitch in Sutherland's three selections differed 
significantly (F(2,24) = 3.73, £ < .05). The location of Sutherland's 
target pitch as quantified by the number of cents that the target pitch 
lay above or below the mean did not remain stable across her 
performances. A similar ANOVA on Sutherland's "Percentage" data had 
coincidentally also resulted in an F ratio of 3.73. This value is also 
significant and shows that Sutherland varied between her three 
selections that we studied in terms of the target pitch location within 
the vibrato wave when quantified as the percentage of the amplitude of 
the vibrato wave that the target pitch lies above (or below) the vibrato 
wave mean. Thus Sutherland located her target pitch differently from 
one selection to the next. As Table 6 below shows, however, Sutherland 
was the only artist to do so.
Finally, we sought to determine whether the location of a note at 
either end of an instrument's range affected the location of the target 
pitch within the vibrato wave. To accomplish this, the two highest long 
notes and the two lowest long notes within each selection were analyzed 
(for a total o f 2 > ' 2 > < 3 > ' 6  = 72 notes). Across all artists the 
target pitch location for the high notes was, on average, 10.95 cents 
below the vibrato wave mean, and the target pitch location for the low 
notes was, on average, 3.26 cents above the vibrato wave mean, as shown
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Summary of Within Artist 
Analyses of Variance
Artist
F Value 
Mean to TP
F Value 
Percentage
Joan Sutherland 2,25 3.73* 3.73*
Luciano Pavarotti 2,25 1.23 1.45
Isaac Stern 2,29 2.38 2.96
Itzhak Perlman 2,25 1.64 2.14
Pablo Casals 2,24 0.73 0.71
Yo-Yo Ma 2,27 0.25 0.92
*£ < .05
in Table 7. An analysis of variance performed on the 36 high notes vs. 
the 35 low notes (the two highest long notes from each of the 18 
selections vs. the two lowest long notes from each of the 18 selections) 
determined that there was a significant difference in target pitch 
location between the high notes and the low notes when defined by the 
variable "Mean to TP" (F(l, 70) = 8.07, £ < .05). A similar ANOVA 
produced the same result for the variable "Percentage"
(F(l, 70) = 5.71, £ < .05).
Next, analyses of variance within artists determined that there 
were significant differences between the high notes and low notes of two 
(Sutherland and Casals) of the six artists studied. Table 6a lists the 
F ratio values of these twelve analyses, one for each of the two target 
pitch location variables for each of the six artists. For exait^le, 
Sutherland's two highest notes differed from her two lowest notes across 
her three selections when target pitch location was quantified as the 
number of cents that the target pitch lay above (or below) the vibrato 
wave mean. However, when target pitch location was quantified as the
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T a b le  7
Position of the Target Pitch Within 
the Vibrato Wave for the Highest 
and Lowest Long Notes
Mean of 
Highest Notes
Mean of 
Lowest Notes F Value F Value
Artist "Mean to TP" "Mean to TP" "Mean to TP" "Percentage"
Sutherland 19.74 14.33 1,10 4.51 5.70*
Pavarotti -15.96 -9.32 1,10 0.35 0.55
Stern 9.44 -6.48 1,10 0.27 0.01
Perlman -19.90 14.62 1,10 4.67 3.54
Casals -1.62 8.12 1,10 9.47* 7.57*
Ma 0.98 -1.70 1,10 0.04 0.11
All Artists -10.95 3.26 1,70 8.07* 5.71*
*£ < .05
percentage of the vibrato wave amplitude that the target pitch lay above 
(or below) the mean, no such difference was found. Sutherland and 
Casals were the only two artists to show significant differences between 
their high and low notes.
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CHAPTER 4
DISCUSSION
This study sought to answer four questions concerning the vibrato 
of the six artists studied. First we wanted to know where the artists 
located their target pitch within the vibrato wave. The results of this 
study clearly indicated that these six artists intended to locate the 
mean of their vibrato wave at approximately the target pitch.
While the mean target pitch position was at the center of the 
vibrato wave, clearly not all individual tones were at the center: the
standard deviation across all notes was 16.42 cents.
Given that the mean location of the target pitch was 4.29 cents 
below the vibrato wave mean, and the standard deviation was 16.42 cents, 
one can say that about 68% of all target pitches are between about 23 
cents below and 12 cents above the vibrato wave mean, or that 96% are 
between about 37 cents below and 29 cents above the vibrato wave mean.
The mean vibrato amplitude was 77.45 cents, or about 39 cents 
above and 39 cents below the mean. It was therefore, an extremely rare 
tone (less than 2%) that was aimed at the bottom of the vibrato wave. 
Thus we can give a relatively unequivocal answer to our first question: 
the target pitch was approximately at the vibrato wave mean (or just 
slightly below it), and was not at the bottom of the wave as Papich and 
Rainbow (1974) and Fletcher, Blackham and Geersten (1965) had 
maintained.
The variability between pitch location of different notes can be 
accounted for by at least three factors: the artist and his or her
22
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instrument are limited in being able to consistently locate a note at 
exactly the same pitch; artists may employ artistic license to adjust 
the vibrato wave mean location on a single note or set of notes in order 
to change the color of the tone; the hardware and software used to 
record and analyze the sound samples includes some error of measurement. 
It can be reliably said that for the selections analyzed, these six 
artists' average target pitch lay at or near the middle of the vibrato 
wave.
An exception to this was Stern's selection #1 in which the target 
pitch lay near the bottom of the vibrato wave. This particular piece 
was Webern's, "Vier Stticke fiir Geige und Klavier Op. 7: I. Sehr
Langsam, " a very slow, very high, atonal piece with a much more sparse 
accompaniment than our other selections, and thus reference notes were 
not nearly as temporally close or as perceptually salient for the 
performer. Perhaps as a result, several notes from that particular 
selection were judged by musically sophisticated observers to have been 
played sharp. A sharp performance would explain why the vibrato wave in 
this selection was higher (and the target pitch lower) than would be 
expected.
The second question that this study sought to answer was whether 
the six artists located their target pitch in the same position within 
the vibrato wave as the other artists in the study. The analyses of 
variance show that the question is answered differently for each of the 
two variables that were used to quantify the target pitch location.
When quantified as "Mean to TP, " there were no differences between the 
artists in where they locate the target pitch. However, when quantified 
as "Percentage," there was a difference between the artists. This could 
be accounted for by the fact that the "Percentage" method of quantifying 
this measurement has some inherent limitations. When the vibrato wave 
has a small amplitude, the "Percentage" variable is less precise, for
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each percentage point represents a greater distance on the musical 
scale. The two vocalists in our study had a much greater mean vibrato 
wave amplitude than the stringed instrumentalists, suggesting that the 
"Percentage" variable may have been more valid for Sutherland and 
Pavarotti than for the other artists. The two artists with the smallest 
vibrato wave amplitudes (Stern and Casals) were also the two artists 
with the most extreme "Percentage" values. Thus the small vibrato wave 
anç)litudes of Stern and Casals account for much of the difference in the 
"Percentage" variable that was found between artists.
The third question answered by this study was whether target 
pitch location remained stable across the three selections for each 
artist. For five of the six artists studied, target pitch location did 
indeed remain stable across all three selections, regardless of which 
variable defined target pitch location. The location of Sutherland's 
target pitch, however, did change between selections, again regardless 
of which variable was used to define target pitch location. This 
difference was due to Sutherland's selection #3, many notes of which 
were judged by musically sophisticated listeners to have been sung flat. 
A flat performance would account for the data resulting from selection 
#3 which caused a significant difference to be found between 
Sutherland's performances.
The final question addressed by this study was whether the 
location of a note within an instruments range affected the location of 
the target pitch within the vibrato wave. When all 18 selections were 
considered together, there was indeed a difference between the high 
notes and the low notes. For five of the six artists studied, target 
pitch location was lower (within the vibrato wave) on high notes than 
target pitch location on low notes. The exception was Ma, whose mean 
target pitch location for high notes was 2.68 cents above his mean 
target pitch location for low notes. However, the location of the
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target pitch within the vibrato wave for Ma is nearly exactly the same 
for high notes and low notes. This means that for five of the six 
artists, high notes were played slightly sharp relative to the target 
pitch, and low notes were played slightly flat.
Mow that we have shown that these artists attempted to produce 
vibrato around the target pitch during these particular selections, 
further research is required. First, similar studies could increase our 
ability to generalize these results to the rest of the musical 
population rather than simply eighteen performances by six world class 
performers. Furthermore, several different performances of a single 
selection (for example, Pavarotti has many recordings of ”'0 Sole Mio") 
might be compared to determine whether target pitch location changes 
note by note. Similarly, comparisons might be made between Pablo Casals 
and Yo-Yo Ma in their performances of a single selection. Other 
research might explore how varying the location of the target pitch 
within the vibrato wave affects the perceptions and physiological 
responses of the listener. Each new research project introduces a new 
piece to the puzzle that lies before us.
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This appendix describes the individual analyses of variance within 
artists that were summarized earlier in Table 6. These analyses of 
variance were performed in order to determine whether each artist 
located the target pitch at the same location within the vibrato wave 
for all three of his or her selections. Because the measure of target 
pitch location was quantified two different ways, two ANOVAs were 
performed for each artist, one using "Mean to TP" and one using 
"Percentage," each defined as they have been throughout the paper. For 
example. Table 8 is the result of an ANOVA performed to determine if 
there were differences between Sutherland's three performances as 
measured by the distance of the target pitch above (or below) the 
vibrato wave mean in cents. This analyses indicates that she did locate 
her target pitch differently from one selection to the next. The 
resulting F ratio, 3.73, was also shown on the first line of Table 6. 
Table 9 describes an ANOVA performed to determine if there were 
differences between Sutherland's three performances as measured by the 
percentage of the vibrato wave amplitude that the target pitch lay above 
(or below) the vibrato wave mean. This analysis also indicates that 
Sutherland located her target pitch differently from one selection to 
the next. Table 10 through Table 19 represent similar analyses of 
variance performed on the remaining five artists. These analyses 
indicate that none of the other artists studied located their target 
pitch differently within the vibrato wave from one selection to the 
next. Thus target pitch location remained stable across selections for 
each artist with the exception of Sutherland. Again, note that the F 
ratios given in these tables correspond to the F ratios presented in 
Table 6.
26
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T a b le  8
Analysis of Variance Summary Table:
"Mean to TP" within Artist Sutherland
27
Source SS df MS F
Between
Within
0,386.14
21,405.43
2 3,193.07 
25 856.22
3.73*
Total 27,791.57 27
*£ < .05
Analysis of 
"Percentage"
Table 9
Variance Summary Table: 
within Artist Sutherland
Source SS df MS F
Between
Within
2,482.14
8,319.71
2 1,241.07 
25 332.79
3.73*
Total 10,801.85 27
*£ < .05
Analysis of 
"Mean to TP"
Table 10
Variance Summary Table: 
within Artist Pavarotti
Source SS df MS F
Between
Within
Total
764.21
7,755.36
8,519.58
2 382.11 
25 310.21 
27
1.23*
'£ > .05
Analysis of 
"Percentage"
Table 11
Variance Summary Table: 
within Artist Pavarotti
Source SS df MS F
Between
Within
Total
592.94 
5,119.39 
5,712.34
2 296.47 
25 204.78 
27
1.45*
*£ > . 05
Analysis of 
"Mean to TP
Table 12
Variance Summary Table: 
" within Artist Stern
Source SS df MS F
Between
Within
Total
722.15
2,987.03
3,709.17
2 361.07 
25 119.48 
27
2.37*
05
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Analysis of Variance Summary Table:
"Percentage" within Artist Stern
28
Source SS df MS F
Between
Within
11,728.05
41,601.22
2
25
5,864.02
1,664.05
2.96*
Total 53,329.26 27
*£ > . 05
Analysis 
"Mean to
of
TP'
Table 14
Variance Summary Table: 
' within Artist Perlman
Source SS df MS F
Between
Within
1,389.04
12,263.21
2
29
694.52
422.87
1.64*
Total 13,652.25 31
*£ > .05
Analysis of 
"Percentage"
Table 15
Variance Summary Table: 
' within Artist Perlman
Source SS df MS F
Between
Within
5,232.49
35,330.92
2
29
2,616.25
1,218.31
2.15*
Total 40,563.41 31
*£ > . 05
Analysis 
"Mean to
of 
1 TP
Table 16
Variance Summary Table: 
" within Artist Casals
Source SS df MS F
Between
Within
Total
87.54
1,206.10
1,293.53
2
24
26
43.77
50.25
0.73*
*£ > . 05
Analysis of 
"Percentage
Table 17
Variance Summary Table: 
" within Artist Casals
Source SS df MS F
Between
Within
1,574.27
21,736.20
2
24
787.13
905.68
0.71*
Total 23,310.47 26
,05
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Analysis of Variance Summary Table:
"Mean to TP" within Artist Ma
29
Source SS df MS
Between
Within
Total
131.91
6,996.41
7,128.32
2
27
29
65.95
259.13
0.25*
*£ > . 05
Table 19
Analysis of Variance Summary Table: 
"Percentage" within Artist Ma
Source SS df MS
Between 2,045.54 
Within 29,856.83 
Total 31,902.38
2
27
29
1,022.77 
1,105.81
0.92*
*£ > . 05
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